We previously described a reverse transcriptase-PCR using flavivirus genus-conserved and virus speciesspecific amplimers (D. W. Trent and G. J. Chang, p. 355-371, in Y. Becker and C. Darai; ed., Frontiers of Virology, vol. 1, 1992). Target amplification was improved by redesigning the amplimers, and a sensitive enzyme-linked immunosorbent assay (ELISA) technique has been developed to detect amplified digoxigenin (DIG)-modified DNA. A single biotin motif and multiple DIG motifs were incorporated into each amplicon, which permitted amplicon capture by a biotin-streptavidin interaction and detection with DIG-specific antiserum in a colorimetric ELISA. We evaluated the utility of this assay for detecting St. Louis encephalitis (SLE) viral RNA in infected mosquitoes and dengue viral RNA in human serum specimens. The reverse transcriptase-PCR-ELISA was as sensitive as isolation of SLE virus by cell culture in detecting SLE viral RNA in infected mosquitoes. The test was 89% specific and 95 to 100%1 sensitive for identification of dengue viral RNA in serum specimens compared with isolation of virus by Aedes albopictus C6/36 cell culture and identification by the indirect immunofluorescence assay.
Flaviviruses are arthropod-transmitted viruses that belong to the family Flaviviridae (1) . Viruses in this family include the etiologic agents of dengue (DEN), yellow fever (YF), Japanese encephalitis (JE), West Nile encephalitis, Murray Valley encephalitis, St. Louis encephalitis (SLE), and tickborne encephalitis (9) . Conventional flavivirus diagnosis is based on isolation and identification of virus from clinical specimens or the presence of virus-specific antibody in the patient serum specimen (9) . The exceptional sensitivity of the PCR permits a millionfold amplification of specific nucleotide sequences in vitro (14) . This technique provides an attractive approach for rapid detection and identification of flaviviruses in mosquitoes and clinical specimens when virus cultivation is difficult or time consuming and when diagnosis impacts on clinical treatment and has implications for vaccination and mosquito control.
Several reverse transcriptase (RT)-PCRs using different pairs of primers (amplimers) for specific viruses have been developed for detecting flavivirus RNA. Identification of virus to species level has usually been accomplished by determining the size of amplified DNA by agarose gel electrophoresis (3, (6) (7) (8) 10) or by hybridization with labeled virus species-specific (VSS) probes (2, 6, 8) . Agarose gel electrophoresis is more convenient but less sensitive than hybridization. A combination of nested PCR and agarose gel electrophoresis is more sensitive than hybridization for detecting and identifying the four serotypes of DEN virus (DEN1 through DEN4) (8) . However, this technique is subject to amplicon contamination during the second cycle of amplification. We have described a simple strategy to detect medically important flaviviruses in a single-vessel RT-PCR (15) . This assay consists of a flavivirus genusconserved (FGC) amplimer pair (FUDJ9166 and CFDJ9977) and 11 individual VSS up amplimers that hybridize with specific sequences in the carboxyl-terminal one-third portion of the NS5 (nonstructural) gene. The FGC amplimer pair amplifies an amplicon of 830 bp in the NS5 gene of all flaviviruses tested (15) . To determine the species of viral RNA, the FGC down amplimer (CFDJ9977) is used in combination with an individual VSS up amplimer. Amplicons of appropriate sizes are generated if the virus-specific up amplimer and viral RNA are homologous. This RT-PCR can also be used to identify previously unrecognized flaviviruses by nucleotide sequence analysis of the DNA amplified by the FGC amplimer pair (15) .
To improve the sensitivity and specificity of the flavivirus RT-PCR, we CFDJ9977 and CFD2-4 amplimers by using biotin-on phosphoramidite chemistry (Clontech Laboratories, Inc., Palo Alto, Calif.). Synthetic oligonucleotides were purified by using OPC columns (Applied Biosystems, Inc.).
RT-PCR as a target sequence amplification system. A single-vessel RT-PCR was used to convert target viral RNA to cDNA with subsequent amplification of the cDNA to double-stranded DNA. Reactions were done in a 25-,ul volume that contained the following components: resuspended viral RNA extract (1 to 10 ,ul); 50 mM KCl; 10 mM Tris-Cl, pH 8.5; 1.5 mM MgCl2; 0.01% (wtlvol) gelatin; 200 ,uM (each) the four deoxynucleoside triphosphates (Promega, Madison, Wis.); 2.5 mM dithiothreitol; 250 nM (each) (unless otherwise specified) up and down amplimers; 2.5 U of RAV-2 RT (Amersham Corp., Arlington Heights, Ill.) per 100 p,u; and 2.5 U of Amplitaq polymerase (The Perkin-Elmer Corp., Norwalk, Conn.) per 100 pul. Reaction mixtures were incubated in a model 9600 Thermocycler (The Perkin-Elmer Corp.) for 1 h at 55°C to facilitate the RT reaction and for 4 min at 94°C for denaturation, after which they were subjected to 25 cycles of denaturation (94°C for 1 min), amplimer annealing (55°C for 1 min), and amplimer extension (72°C for 3 min), followed by a 10-min incubation at 72°C.
To incorporate DIG-dUMP directly into the amplicon, reactions were performed as described above with the addition of 10 ,uM DIG-11-dUTP (Boehringer Mannheim Biochemicals, Indianapolis, Ind.) in the reaction mixture. Although a higher concentration of DIG-11-dUTP in the reaction mixture resulted in increased optical density (OD) readings in ELISAs, test sensitivity was not significantly improved (data not shown).
ELISA amplification system. DIG-modified amplicons (DIG-amplicons) were characterized by agarose gel electrophoresis and ELISA. Five-microliter portions of reaction product were electrophoresed in 3% GTG agarose gels (FMC Bioproducts, Rockland, Maine), and the amplified DNA was stained with ethidium bromide. Because individual VSS amplimers primed at different positions in the NS5 gene of the viral RNA, the amplicon size for each flavivirus was different ( Fig. 1 and Table 1 ). (Fig. 4) . Down amplimer Bio-CFD2-4 paired with heterologous VSS up amplimers DEN2-J9452 and JE-9574 at a concentration of 500 nM gave unacceptably high OD45Os of 0.58 and 0.38, respectively, at an amplicon dilution of 1:100 (Fig. 4) . Background ODs were below 0.05 when 250, 125, or 62.5 nM heterologous VSS amplimers were used in RT-PCRs (Fig. 4) . The homologous Bio-CFD2-4-YF-9334 amplimer pair at concentrations of 500, 250, and 125 nM resulted in similar OD45Os of 1.62 to 1.88 at the 1:100 dilution of DNA amplified from YF viral RNA (Fig. 4) . Amplicon yields were nearly equal when this amplimer pair was used at concentrations of 500 and 250 nM but decreased by about 80% at the 125 nM concentration (data not shown). At an amplimer concentration of 62.5 nM, amplicons were undetectable by agarose gel electrophoresis (not shown) but were weakly positive by ELISA (Fig. 4) (Fig. 5) . The RT-PCR-ELISA enabled detection of a 10-PFU equivalent of YF viral RNA (Fig. 5) , in contrast to agarose gel electrophoresis, with which a specific amplicon band was visible only when greater than a 640 (or 2.8 log1o) PFU equivalent of YF viral RNA was used (Fig. 5) Table 2 ). Only one of the three mosquitoes tested at 48 h p.i. was positive by RT-PCR-ELISA when total nucleic acid was used in the test without purification of the viral RNA. However, following capture and elution from probe-magnetic bead complexes, viral RNA was detected by RT-PCR-ELISA in all of the mosquitoes tested at 48 to 144 h p.i., as well as in two of four mosquitoes tested at 18.5 h p.i. (Table 2 ). Although detection of SLE viral RNA in mosquitoes by RT-PCR-ELISA without RNA capture was less sensitive than virus detection by isolation of virus in cell culture, RT-PCR-ELISA of captured SLE viral RNA was at least as sensitive as virus isolation (Table 2) .
RT-PCR-ELISA for routine detection and typing of DEN viruses from viremic human serum. To determine the sensitivity and specificity of the RT-PCR-ELISA as a diagnostic test, a panel of 115 randomly coded human serum specimens was analyzed. Ninety-one of the serum specimens had previously been shown to contain DEN virus by virus isolation and IFA in C6/36 cell cultures (5) . By the testing algorithm shown in Fig. 3 , 97 of the serum specimens were positive for DEN viral RNA by RT-PCR-ELISA. A comparison of the PCR results with those obtained by virus isolation and IFA revealed discordance for 14 specimens, as shown in Table 3 . These 14 specimens were again tested by virus isolation and IFA in C6/36 cell culture. By virus isolation and IFA, specimens 17, 30, 93, 107, 124, 163, 187, and 200, which were initially reported as negative, were positive for DEN2 virus on retrial ( 
DISCUSSION
The epidemiology and clinical diagnosis of flaviviruses, which are important causes of human disease, are major public health concerns (9) . The RT-PCR amplification of viral RNA provides a rapid and specific technique for the detection and identification of flaviviruses and is as sensitive as virus isolation in cell cultures and in mice (2, 3, (6) (7) (8) 10) . Because several flaviviruses may be transmitted by the same (15) . The Bio-CFD2-4 amplimer and DIG-11-dUTP used in the RT-PCR incorporate a biotin molecule and multiple DIG residues into the amplicon. This technique uses biotin-streptavidin as a separation system and DIG-anti-DIG as an indicator system to achieve a high level of sensitivity and technical simplicity. We detected as little as a 10-PFU equivalent of YF viral RNA, indicating this method is as sensitive as the nested-PCR method of Lanciotti et al. (8) .
As with PCR detection of other RNA viruses, sensitivity is largely determined by the efficiency of reverse transcription of the flavivirus genomic RNA in producing cDNA prior to PCR (13 (16) . A major advantage of RT-PCR is that it can detect multiple flavivirus species in a single test, whereas antibody capture assays are virus specific. The technique we have developed has several advantages over other flavivirus PCR techniques and conventional methods. The entire method can be completed within 24 h, in contrast to the several days required to culture and perform immunologic identification. A single amplification with FGC amplimers is required to detect flavivirus RNA. A second test uses VSS amplimers to identify virus. Unlike amplimers that are located in virus structural genes, which are subject to more intense selection pressures, amplimers designed for this study hybridize with the highly conserved NS5 gene (11) , which encodes a postulated viral RNA polymerase (14) . Nucleotide sequence analysis of amplicons generated by the FGC amplimers can be used to identify previously unrecognized flaviviruses and to construct new VSS amplimers to facilitate virus identification in RT-PCR. The ELISA format for detection of amplicons offers increased sensitivity and is more reliable than the hybridization or nested-PCR methods.
